Introduction {#s1}
============

Core-shell particles are particles whose cores are made of different component materials to those of the shell surrounding them (Cao et al., [@B9]; Mora-Huertas et al., [@B46]). In general, there is an inorganic or organic particle core which is surrounded by a layer or multilayer of a different inorganic or organic material. These core-shell particles have the advantage of possessing properties of both the core and its surrounding shell. This not only gives benefits in terms of improving the stability and surface chemistry of the core particle but also gives unique physical and chemical properties that are impossible to have if only one type of material is used (Caruso et al., [@B10]; Cao et al., [@B9]).

The structure of core-shell particles may be comprised of the core being a particle and the shell consisting of a different solid material. However, the shell could also be a soft layer of attached molecules, such as functional polymers which can be used to tune the specific surface interactions of the particles (Vakurov et al., [@B71]; Mora-Huertas et al., [@B46]; Yuan et al., [@B79]; Amelia et al., [@B2]; Arsianti et al., [@B5]). Core-shell particles are fabricated via a range of methods including dispersion polymerization, self-assembly techniques (Cao et al., [@B9]) and microfluidic jet-spray drying (Amelia et al., [@B3]). The properties of the hybrid multifunctional particles formed can be controlled by altering the composition, dimension and structure of the cores and the shells.

Core-shell particles possess a high level of complexity in terms of structure and behavior under external forces including mechanical interaction with other particles (Centi and Perathoner, [@B11]; Sacanna and Pine, [@B63]; Strydom et al., [@B68]). It is quite common that either the core or the shell are made of a magnetic material (Zeng et al., [@B80],[@B81]) and these suspensions are known as magnetic or magnetorheological fluids (Bossis et al., [@B8]). Nevertheless, a larger degree of sophistication has been achieved by creating magnetic patches (Sacanna et al., [@B64]) or controlling shell thickness (Strydom et al., [@B68]).

Traditionally, magnetorheological fluids are suspensions of micron sized or smaller, magnetizable particles in a liquid (Vekas et al., [@B73]; Tao, [@B70]; Lopez-Lopez et al., [@B40]; Patel and Chudasama, [@B55]; Bossis et al., [@B8]; de Vicente et al., [@B16]). A special case of these magnetic fluids are ferrofluids in which the particles are ferromagnetic materials at the nanoscale (Rosensweig, [@B61], [@B62]; Popplewell et al., [@B59]; Odenbach, [@B53]). These fluids are of interest to researchers and engineers due to their unique properties, since under an applied magnetic field their viscosity and other physical properties can be altered by orders of magnitude, depending on the intensity of the field (Bossis et al., [@B8]; de Vicente et al., [@B16]). At a more fundamental level, one of the main areas of research on magnetorheological fluids is the formation of self-organized structures, whether experimentally or using computer simulations, under the influence of an external magnetic field (Wang et al., [@B76]; Li et al., [@B34]; Han et al., [@B22]; Lim and Feng, [@B38]; Ku et al., [@B30]; Lagger et al., [@B31],[@B32]). Different interactions may lead to the formation of several types of structures, including linear chains, which align parallel to the external magnetic field (Parker et al., [@B54]; Perez-Castillo et al., [@B57]; Vekas et al., [@B73]; Martinez-Pedrero et al., [@B42]; Mousavi et al., [@B48]). However, in applications such as drug delivery when either functionalized magnetic or core-shell particles are introduced into the blood system, the formation of magnetic chains is highly undesirable (Freund and Shapiro, [@B19]).

Computer simulations and theoretical studies have mainly focused on understanding particle aggregation (Hovorka et al., [@B23]; Zubarev et al., [@B84]) and rheological behavior (Chirikov et al., [@B13]; Kang et al., [@B26]; Segovia-Gutierrez et al., [@B65]) in constant or oscillating magnetic fields (Li et al., [@B37]). The trajectory of magnetic particles in a magnetic gradient (Li et al., [@B36]; van Netten et al., [@B72]), the influence of particle density on separation efficiency (Murariu et al., [@B49]) and simply the demonstration of the separation concept using model systems (Moeser et al., [@B45]; Nakai et al., [@B50]) has also been studied.

Simulation of core-shell particles has been performed by using molecular dynamics (MD) to study the actual properties of the particles but not their bulk behavior in suspension (Dalgic, [@B15]; Wang and Shin, [@B74]). It is only in recent years that a technique such as Discrete Element Method (DEM) has been applied to colloidal suspensions (Li et al., [@B35]; Moreno-Atanasio et al., [@B47]; MacPherson et al., [@B41]) and core-shell particles (Moreno-Atanasio et al., [@B47]; Weber et al., [@B78]). The main difference between DEM and MD is that the latter focuses on the analysis of molecules (Mijajlovic and Biggs, [@B44]) and the former, DEM, on the behavior of single particles (mesoscopic) whose material properties have been defined. DEM is easily coupled with Brownian dynamics to simulate the hydrodynamic interactions based on the Langevin equation (Li et al., [@B35]; Moreno-Atanasio et al., [@B47]). The main advantage of DEM is that the treatment of the bulk material (such as a particle suspension) is mesoscopic and the dimensions of the simulated systems are more realistic than in molecular dynamics. In addition, DEM simulations usually employ the material properties of the whole particle to analyze the contact between structures and the interaction which is provided by an external shell or coating as determined by atomic force microscopy (AFM) or by atomistic or molecular simulations (Patrick et al., [@B56]; Bose et al., [@B7]).

Despite the wide use of DEM in studying colloidal systems, the literature on using DEM to study magnetic colloidal systems is still incipient. Golovnia et al. ([@B21]) studied the alignment of the magnetic particles with the external field. However, other published DEM studies considered the particles to be aligned along the external magnetic field. Zhenghua et al. ([@B82]) investigated particle motion in a fluidization assisted by a magnetic gradient and they observed the fluidization at high values of external magnetic strength. Similar observations were reported by Wang et al. ([@B75]). Lindner et al. ([@B39]) combined DEM with FEM to determine the external magnetic field and the fluid flow around cylindrical wires. Other DEM studies focused on predicting the magnetic particle behavior during compression, shearing and breakage of magnetic chains were published by Kargulewicz et al. ([@B27]); Lagger et al. ([@B31],[@B32]); Soda et al. ([@B66]). Ke et al. ([@B28]) coupled DEM with Lattice Boltzmann Method and Immersed Boundary Method to simulate the settling of two individual magnetic particles. In addition, Son ([@B67]) studied the hindered settling of magnetic particles coated with a surfactant layer, thus increasing the effective hydrodynamic radius of the particles. Despite the abovemetioned studies, the actual bulk behavior of magnetic core-shell colloidal particles has never been studied by considering the shell explicitly.

This paper presents the first DEM study of the behavior of magnetic core-shell particles where the shell and core components were independently considered in the simulations rather than just averaging the core and shell of the core-shell particles. In this study the particle shells were simulated as silica. Ferromagnetic cores of different sizes (0.5, 1.0, 2.0, and 4.0 μm) were simulated with a large overall particle size range of core-shell particles (0.6--21 μm) in order to vary the thickness of the shell layer and study its effect on chain formation. In addition, core-shell particles were simulated with different shell thicknesses and particle sizes in the presence and absence of an electrical double layer force in order to investigate the effect of surface charge density on the magnetic core-shell particle interactions.

Methodology: DEM computer simulation optimization of coated iron particles {#s2}
==========================================================================

Theory
------

Discrete Element Method (DEM) is a computational technique in which particles are assigned individual physical and mechanical properties. Although initially developed for the study of rock mechanics (Cundall and Strack, [@B14]) this technique has also been used to investigate the behavior of colloidal suspensions, especially in flocculation (Zhu and Yu, [@B83]; An et al., [@B4]) and in other colloidal systems (Moreno-Atanasio et al., [@B47]; Fang et al., [@B18]).

DEM uses Newton\'s second law to simulate particle motion. The equation of motion is integrated numerically using an explicit finite difference method, such as the Euler method (Cundall and Strack, [@B14]), to determine the accelerations, velocities and positions of the particles at any time. More detail on the DEM working procedure can be found elsewhere (MacPherson et al., [@B41]). The forces acting on the particles can be decomposed into several components: elastic contact, magnetic, electric double layer, Brownian and drag. Therefore, the general equation of motion can be written as:
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where *m* is the mass of the particle, $\overset{\rightarrow}{x}$is the vector position of the particle, *t* the time, $\overset{\rightarrow}{F}$the force and the subscripts *cont, mag*, edl, *brw* and *drag* refer to contact, magnetic, electric double layer, Brownian and drag forces respectively.

The elastic force experienced by two contacting particles is given by Hertz\'s law:
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where δ~*n*~ is the normal contact deformation, *R*^\*^ is the reduced particle radius (*1/R*^\*^*= 1/R*~1~ + *1/R*~2~), and E^\*^ the reduced elastic modulus (1*/E*^\*^*= (1-*$\upsilon_{1}^{2}$*)/E*~1~ + *(1-*$\upsilon_{2}^{2}$*)/E*~2~), of two contacting particles, respectively, as given by their individual radii, *R*~*i*~, Poisson\'s ratio, υ~*i*~ and elastic moduli, *E*.

The fluid in these simulations was assumed to be stationary. The Stokes\' drag force for a stationary fluid used in the simulations is given by:
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where ν is the fluid viscosity.

Brownian forces describe the random motion of particles in a fluid. The direction is randomly determined and the magnitude of the force follows a Gaussian, or normal distribution, with variance (\< Δ$\text{F}_{\text{B}}^{2}$ \>), for a given direction (x, y, or z) in the form (MacPherson et al., [@B41]):
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Where *k*~*B*~ is the Boltzmann constant, *T* the absolute temperature and Δ*t* the time step.

The electrical double layer force (*F*~*edl*~) was incorporated into the simulations by using the Debye-Huckel approximation for constant surface charge density in the form (Warren, [@B77]; Li et al., [@B33]; Szilagyi et al., [@B69]):

F

→

E

D

L

=

q

i

q

j

4

π

ε

0

ε

r

r

3

e

x

p

\-

(

r

\-

(

a

\+

b

)

)

κ

1

\+

r

κ

(

1

\+

a

κ

)

(

1

\+

b

κ

)

r

→

Where κ^−1^ is the Debye length, *a* and *b* are the particle radii of particles *i* and *j* respectively, *d* is the particle center to particle center distance, *r* is the distance between charges, ε~0~ is the permittivity of free space, ε~*R*~ is the relative dielectric constant and *q*~*i*~ and *q*~*j*~are the total surface charge for particles *i* and *j* respectively.

The magnetic force between two particles (*i* and *j*) was calculated as a function of the initial magnetic susceptibility (χ) of iron whose value is equal to 150. The expression used for the force between two magnetic dipoles (*F*~*m*~*)* was (Rosensweig, [@B61]; Patel and Chudasama, [@B55]; Lim and Feng, [@B38]; Ku et al., [@B29]):
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where ${\overset{\rightarrow}{m}}_{i}$ and ${\overset{\rightarrow}{m}}_{j}$ are the magnetic dipolar moment of the particles *i* and *j* and ${\overset{\rightarrow}{r}}_{ij}$ is the vector that joins the center of particle *i* with the center of particle of *j*.

Simulation details
------------------

A summary of the particle properties used in the simulations is given in Table [1](#T1){ref-type="table"}. Particles were randomly positioned within a cubic space whose dimensions were varied in order to keep the volume fraction constant at the value of 0.0039, which is close to published experimental and simulation work (Ezzaier et al., [@B17]; Hyde et al., [@B24]). No overlap between the particles was allowed in the initial configuration and no initial velocity was given to the particles. Therefore, particle motion was a direct consequence of the magnetic, van der Waals forces and Brownian forces.

###### 

Particle physical properties and fluid properties.

  **Property**                   **Value**
  ------------------------------ -------------
  Core density (kg/m^3^)         7,860
  Shell density (kg/m^3^)        2,200
  Elastic modulus--shell (GPa)   70
  Magnetization (A/m)            1.8 × 10^5^
  Volume fraction (v/v)          0.004
  Water viscosity (Pa s)         0.001

The cores and shells were simulated as made of pure iron and silica respectively (Neville and Moreno-Atanasio, [@B51]; Hyde et al., [@B24]). The magnetization of the particles was set at 1/10^th^ of the saturation magnetization value of iron 0.228 T/μ~0~ (Reitz et al., [@B60]; Kargulewicz et al., [@B27]).

### Absence of electrical double layer forces

The first study was conducted in the absence of an electrical double layer force with the objective of understanding the influence of the magnetic force on particle aggregation. In addition, these cases can be considered as the limiting case of a situation with an electrical double layer force but high ionic strength and therefore would constitute a special case of our second study which was carried out in the presence of an electrical double layer interaction.

Particle sizes ranged between 0.5 and 21 μm while the core diameters considered were 0.5, 1.0, 2.0, and 4 μm (Table [2](#T2){ref-type="table"}). Table [2](#T2){ref-type="table"} also shows the relative shell thickness, RST, which is defined as:
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where d~p~ and d~c~ are the particle and core diameters. Eq. (7) can also be interpreted as a function of the particle and core radii, *r*~*p*~ and *r*~*c*~, as:
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###### 

Properties of the different core-shell particles studied at the limit of the range for each core diameter.

  **Simulation label**   **Particle diameter, d~p~, (μm)**   **Core diameter, d~c~ (μm)**   **Relative shell thickness**   **Concentration (g/l)**
  ---------------------- ----------------------------------- ------------------------------ ------------------------------ -------------------------
  05-C05                 0.50                                0.50                           0.00                           29.9
  20-C05                 2.00                                0.50                           0.75                           8.60
  10-C10                 1.00                                1.00                           0.00                           29.9
  40-C10                 4.00                                1.00                           0.75                           8.60
  20-C20                 2.00                                2.00                           0.00                           29.9
  120-C20                12.0                                2.00                           0.83                           8.40
  40-C40                 4.00                                4.00                           0.00                           29.9
  210-C40                15.0                                4.00                           0.81                           8.50

It is important to note that the difference between particle radius and core radius, *r*~*p*~--*r*~*c*~, is the actual thickness of the shell. Both, Equations (7, 8) can take values between 0 and 1 which correspond to the cases of a particle with no shell and a particle in which there is no magnetic core, respectively.

Each simulation was labeled in terms of particle and core sizes and thus, the two first numbers represent the particle size in units of 100 nm and the two numbers following the letter C represent the core size, also in units of 100 nm. For example, case 06-C05 has a central core of 500 nm diameter ("C05"), with a 50 nm shell layer, giving an overall particle diameter of 600 nm ("06"). Therefore, the relative shell thickness, RST, would be according to Equations (7) or (8), 1/6 or 0.17.

### In the presence of EDL forces

The first part of the analysis of the influence of the electrical double layer was carried out by varying the surface charge density. Surface charge densities in the range of 0.1 to 20 mC/m^2^ were assigned to the particles while the Debye length was kept constant at 3 nm (equivalent to a 10 mM monovalent salt solution). These surface charge densities correspond to surface potentials of 0.42--84 mV. In the case of unmodified silica, these values would be negative (Hyde et al., [@B25]). However, if the silica formed contained a basic polymer, the surface potentials would be positive, but of the same magnitude (Neville et al., [@B52]; Hyde et al., [@B25]). Therefore, the sign of the surface charge is irrelevant in this study as all the particles were considered to have the same sign of the surface potential and therefore, they will always experience repulsion due to the electrical double layer.

In order to elucidate if either the absolute or relative shell thickness are the most important parameters controlling aggregation, our study in the presence of electrical double layer considered the cases of a shell thickness of 50 nm with core sizes of 0.5 and 4 μm in diameter (cases 06-C05 and 41-C40), respectively. In order to compare the effect of relative shell thickness, RST, two cases with relative shell thickness equal to 0.17 and 0.64 for two different core diameters 0.5 and 4 μm were investigated. Here, the four cases were 06-C05 (RST = 0.17), 48-C40 (RST = 0.17), 15-C05 (RST = 0.64) and 120-C40 (RST = 0.64). Here the coordination number (number of neighbors per particle), singlet ratio (single particles/total particles) and largest fragment ratio (chain) (particles in largest fragment/total particles) were analyzed. After this, the minimum interparticle distance between particles that showed no contacts was analyzed. In addition, the minimum surface charge density for the particles to not be in contact was studied in order to obtain the relationship between this value and the ratio of the core to total particle diameter.

Results and discussion {#s3}
======================

The focus of this paper was to investigate the influence of the shell thickness of magnetic core-silica shell particles on their colloidal stability, for different values of surface charge density. The properties of the cores and the shells were explicitly considered rather than the use of an overall average of the particle. Four different core sizes were simulated with a large overall particle size range (Table [2](#T2){ref-type="table"}).

Magnetic aggregation in the absence of electrical double layer (high ionic strength)
------------------------------------------------------------------------------------

All the simulations conducted here used the properties given in Tables [1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}. Figure [1](#F1){ref-type="fig"} shows the visualization of the system for the cases in which the relative shell thickness (RST) were 0.0 (top), and 0.70 and 0.73 (left and right, bottom respectively).

![Visualization of 4 cases corresponding to two different core sizes (0.5 and 4.0 μm, left and right respectively) and situations in which no shell was present, and thus RST = 0 (top) or a thick shell was present (RST = 0.70, bottom left and RST = 0.73, bottom right). The images have been scaled for easier viewing. However, the dimensions of the system were different to keep a constant volume fraction of 0.0039.](fchem-06-00201-g0001){#F1}

The simulations in Figure [1](#F1){ref-type="fig"} clearly demonstrate that the presence of a shell (Figure [1](#F1){ref-type="fig"}, bottom) can disrupt the chain formation process that can be seen when the particles had no shell (Figure [1](#F1){ref-type="fig"}, top). In fact, although some chains were formed in the presence of a thick shell, their linearity as well as their length seem to be greatly affected. Furthermore, in the absence of a shell, the chains seem to transverse the system from top to bottom as typically encountered in magnetic fluids studies (Popplewell and Rosensweig, [@B58]; Chin et al., [@B12]). However, the case 40-C40 shows a smaller number of chains which seem to be longer than in the 05-C05 case, corroborating that larger magnetic particles aggregate more easily. However, a microscopic analysis is necessary in order to understand the influence of the presence of a shell and the differences between the different cases.

The data in Figure [2](#F2){ref-type="fig"} show the singlet ratio (number of particles without contacts divided by the total number of particles) against the relative shell thickness for different core sizes. The general trend for all core diameters is that the ratio of the singlets increases with the increase in relative shell thickness. In addition, the actual size of the core has a strong influence on the behavior of the system as a magnetic core of 4.0 μm would need a shell thickness of around 6.0 μm to start to hinder aggregation as reflected by the increase in singlet ratio, while for the smallest core (0.5 μm) the required shell thickness is 0.46 μm.

![Ratio of number of singlets to the total number of particles vs. relative shell thickness.](fchem-06-00201-g0002){#F2}

A clearer picture is provided in Figure [3](#F3){ref-type="fig"} where the coordination number as a function of the relative shell thickness is presented. Coordination number is defined as twice the number of contacts divided by the number of particles. The reason for the factor of two is that a contact is shared by two particles. It can be seen that a coordination number of around 2 was observed for low values of relative shell thickness, indicating that each particle has two contacts. This is indicative of the formation of linear chains due to the magnetic force and this coordination number is clearly much smaller than in self-assembly cases due van der Waals force (MacPherson et al., [@B41]). It can also be observed that the coordination number decreased with the increase in relative shell thickness, suggesting the occurrence of disruption of the chain formation process. Finally, the increase in the actual value of the size of the core is associated to an increase in the coordination number and thus, this observation confirms that the larger the size of the core, the largest the relative shell thickness needed to disrupt the magnetic aggregation.

![Coordination number vs. relative shell thickness.](fchem-06-00201-g0003){#F3}

In order, to fully understand the degree of aggregation, we have plotted the largest fragment ratio (number of particles contained in the largest fragment divided by the number of particles in the system) a function of the relative shell thickness in Figure [4](#F4){ref-type="fig"}. As can be seen in Figure [4](#F4){ref-type="fig"}, there is a decrease in the size of the largest fragment with increasing relative shell thickness (RST). All the curves trend to around 0.08 for the smallest values of RST. This value of the largest fragment ratio although seemingly small, corresponds to an actual length of 40 particles which can be easily demonstrated to coincide with the length of the working space, L /d~p~ is
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where N is the number of particles in the system and φ is solid volume fraction (Table [1](#T1){ref-type="table"}). As the number of particles in the system as well as the packing were fixed for all the simulations at 500 and 0.0039, L/d~p~ is equal to 40.6 particles.

![Largest fragment ratio vs. relative shell thickness.](fchem-06-00201-g0004){#F4}

The value of 0.08 starts to decrease approximately at the same relative shell thickness value at which the coordination number started to decrease (Figure [2](#F2){ref-type="fig"}) and the number of singlets started to increase (Figure [1](#F1){ref-type="fig"}). The coincidence of these points suggests a predominant behavior of single particle addition rather than cluster-cluster aggregation.

Another important aspect is the fluctuation that appears in the curves of the largest fragment (Figure [4](#F4){ref-type="fig"}) in comparison to the singlets and coordination number plots (Figures [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}). This is more likely to be due to a statistical process in which the random nature of the Brownian forces produces aggregates of slightly different sizes. This result is consistent with the trend of coordination number and number of singlets suggesting that there is a maximum value of shell thickness below which the presence of the shell does not have an important influence on the behavior of the system. Nevertheless, it is important to note that this maximum value increases with increasing core size.

In the presence of an electrical double layer contribution
----------------------------------------------------------

After the initial study where no electrical double layer contribution was included, chain formation in the presence of an electrical double layer force was investigated in order to determine the surface charge density required to act on the shell layer for particle contacts not to occur in chains. The effect of the electrical double layer on particles with different shell thicknesses was also studied to determine magnetic core-shell particle interaction behavior.

Figures [5](#F5){ref-type="fig"}--**7** show the singlet ratio, coordination number and largest fragment ratio as a function of the surface charge density for the five different cases considered in the simulations. For the smallest core (0.5 μm) there is a drastic difference between both plotted cases correlating well with the strong difference in shell thicknesses that are 50 nm and 500 nm. For the smallest particles (06-C05) a surface charge density of about 10 mC/m^2^ was required to start to observe the hindering of the magnetic aggregation. In contrast, for the largest shell thickness (15-C05) the magnetic core was unable to produce aggregation. This result is consistent with Figure [6](#F6){ref-type="fig"} where we observed that the coordination number of the system is close to 2 for the former case and close to zero for the latter.

![Singlet ratio vs. surface charge density. The figure presents the comparison for cases of shell thickness equal to 50 nm (06-C05 and 41-C40) and two values of relative shell thickness of 0.17 (06-C05, 48-C40) and 0.67 (15-C05 and 120-C40).](fchem-06-00201-g0005){#F5}

![Coordination number vs. surface charge density. The figure presents the comparison for cases of shell thickness equal to 50 nm (06-C05 and 41-C40) and two values of relative shell thickness of 0.17 (06-C05, 48-C40) and 0.67 (15-C05 and 120-C40).](fchem-06-00201-g0006){#F6}

For the cases in which a 4.0 μm core size was simulated, the differences were not as abrupt as for the case of 0.5 μm core diameter. Figure [5](#F5){ref-type="fig"} shows that the singlet ratio was close to zero or in the case of the largest relative shell thickness (0.67, case 120-C40) only about 20% of particles had no contacts, indicating that significant aggregation occurred. This is further corroborated by Figures [6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"} as the coordination number and largest size ratio were close to 1.3 and 0.03, respectively, for the case 120-C40. Given that a relative shell thickness for the core of 0.5 μm was enough to completely hinder aggregation, we can conclude as the size of the core increases, even with the combined effect of the electric double layer repulsion and the thickness of the shell the possibility of stopping magnetic aggregation reduces considerably. This is a consequence of the magnetic force being proportional to the volume of the core (Equation 6) while the electrical double layer and the Brownian forces are proportional to the surface of the particles (Equation 4) and the square root the particle size (Equation 5), respectively.

![Largest fragment ratio vs. surface charge density. The figure presents the comparison for cases of shell thickness equal to 50 nm (06-C05 and 41-C40) and two values of relative shell thickness of 0.17 (06-C05, 48-C40) and 0.67 (15-C05 and 120-C40).](fchem-06-00201-g0007){#F7}

By comparing the cases with a shell thickness of 50 nm (06-C05 and 41-C40), the presence of an electrical double layer was not sufficient to stop the aggregation process despite the magnetization was only 1/10th of the saturation magnetization of iron. The exception was observed for the smallest core and surface charge densities of 10 mC/m^2^ (42 mV). Therefore, within the range of particle size analyzed here the presence of a charged shell unless, further functionalized, has no role in the colloidal stability of the system.

Figure [8](#F8){ref-type="fig"} shows the minimum interparticle distance between particles for the cases plotted in Figures [5](#F5){ref-type="fig"}--[7](#F7){ref-type="fig"} that show no contacts for any value of surface charge density. These cases are 06-C05 at 15 mC/m^2^, 15-C05 at 3 mC/m^2^, and 120-C40 at 5 mC/m^2^. The values were obtained by averaging the minimum surface distance taken from the simulations between 0.2 and 1.0 s at 0.0001 s intervals. Figure [8](#F8){ref-type="fig"} shows that the minimum surface distance increases "linearly" with surface charge density on the linear-log scale presented. This result is consistent with the experimental data of Chin et al. ([@B12]) which observed that as zeta potential increased, the distance between particle increased with a natural logarithmic-shaped trend. They reasoned that this was because as the surface charge density increases the electrostatic repulsion increases and so the separation distance is larger (Chin et al., [@B12]). It is important to note that this minimum separation distance is orders of magnitude smaller than the particle diameter.

![Minimum interparticle distance between particles for the cases plotted in Figures [5](#F5){ref-type="fig"}--[7](#F7){ref-type="fig"} that show no contacts (15-C05 and 120-C40 and 06-C05).](fchem-06-00201-g0008){#F8}

Most of the work published in the literature has focused on the aggregation of nanoparticles for which Brownian forces are mainly dominant. Chin et al. ([@B12]) studied the superparamagnetic chain formation and breakage for particles of 0.89 μm diameter dispersed at different pH values and ionic strengths. Their suspension concentration was very dilute with 2.4 × 10^8^ particles/mL, which corresponds to a volume fraction of 8.9 × 10^−5^ (around 50 times smaller than ours). They first created the magnetic chains using magnetic field induction values in the range 0.5--0.8 T and once the chains were formed, the magnetic field induction was reduced to 0.0004 T. The latter value yields a magnetisation of 31.8 A/m and a magnetic moment for their particles of 1.17 × 10^−17^ Am^2^, which is significantly smaller than ours (9.5 × 10^−14^ Am^2^ and 1.2 × 10^−14^ Am^2^ for the 1 and 0.5 μm particles respectively). However, despite their much lower magnetization they still found formation of linear chains that were stable and did not break. Therefore, the chain formation and stability for the core-particles of 0.5 and 1.0 μm is consistent with the results of Chin et al. ([@B12]).

Chin et al. ([@B12]) studied the position of a secondary minimum for a range of magnetic field induction values and ionic strengths. They reported the position of the secondary minimum to be at 18 nm (surface to surface distance) for an ionic strength of 10 mM and 66 mV surface potential. This result (Chin et al., [@B12]) seems to be weakly independent of particle size as the value was very similar when either a 0.89 or 4 μm diameter particle was used. With this data the equivalent surface charge density calculated using
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is 15 mC/m^2^. Using their values of magnetic field induction of 0.05 T and magnetic susceptibility of 0.1, an equivalent magnetic moment of 1.47 × 10^−15^ Am^2^ is obtained.

Since the particles of Chin et al. ([@B12]) are superparamagnetic composites of polystyrene and magnetic and our particles may be thought of as composite core-shell particles of silica and ferromagnetic iron, of similar but not identical sizes, a direct comparison is not straightforward. Nevertheless, according to Figure [8](#F8){ref-type="fig"} for the same value of the electrical double layer, a separation distance 4--15 nm was obtained for the 0.5 μm core particles (with 0.6 and 1.5 μm total diameters), which is comparable to the value of Chin et al. ([@B12]).

A visualization of the 06-C05 and 120-C40 cases at 15 and 5 mC/m^2^ is provided in Figure [9](#F9){ref-type="fig"}. The differences in Figure [9](#F9){ref-type="fig"} are remarkable as despite the fact that no contacts were detected in either case, there are still clearly visible linear particle chains, more so in the 06-C05 case than in the 120-C40. As shown in Figure [8](#F8){ref-type="fig"} the minimum interparticle distance was much smaller than the particle size therefore, deceptively, the particles seem to be in contact in Figure [9](#F9){ref-type="fig"} although this is not the case. More importantly, the level of disruption is much larger in the case of 120-C40, arguably due to the combined effect of shell thickness and electrical double layer. This is consistent with the results of Figures [2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"} where a RST of 0.67 started to affect chain formation in the absence of an electrical double layer. In contrast, an RST of 0.17 for a 0.5 μm core (06-C05 case), is too small to affect the aggregation process as this phenomenon would have required a RST of 0.35--0.40 (Figures [2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"}) to start to observe the effects of its shell thickness in the case of 06-C05 (RST = 0.17). Therefore, chains seem to be forming without the particles being in physical contact in the 06-C05 cases as a consequence of the combination of magnetic and electrical double layer interactions having a primary (Gao et al., [@B20]) or a secondary minimum (Chin et al., [@B12]) outside the particle.

![Visualization of the cases 06-C05 and 120-C40 at 15 and 5 mC/m^2^. These cases have relative shell thickness of 0.17 and 0.67. The images have been scaled for easier viewing. However, the dimensions of the system were different to keep a constant volume fraction of 0.0039.](fchem-06-00201-g0009){#F9}

Conclusions {#s4}
===========

Computer simulations based on the Discrete Element Method have been carried out to study the influence of shell thickness of magnetic core-silica shell particles. The investigation was carried assuming an arbitrary value of magnetization of the cores equivalent to one 10th of the saturation magnetization of iron (0.228/μ~0~).

The results have shown that the presence of a shell could contribute to the disruption of chain formation due to magnetic dipole-dipole interactions even in the absence of an electrical double layer. In addition, the increase in the size of the magnetic core produced an increase in the relative shell thickness needed to affect magnetic aggregation. This was attributed to the dependency on particle volume of the magnetic moments of the cores in comparison to the square root dependency of the Brownian forces and the physical presence of the shell whose influence could be considered to be linear with particle size.

The presence of an electrical double layer repulsion for particles of 0.5 μm core with a shell thickness of 50 nm was not sufficient to hinder the aggregation process until a surface charge density above 10 mC/m^2^ was achieved. In fact, although particles were shown not be in contact, it was possible to still observe the formation of linear chains with the particles probably positioned at a primary minimum located outside the particles. Nevertheless, the fact that particles were not in contact and thus fluid was present between the particles, suggests that a shear flow could easily disrupt the chain process and these particles could be useful in micro or nanofluidic devices. In contrast, when the shell thickness was sufficiently large to start to produce the disruption of the formation of linear chains, the electrical double layer repulsion could produce a total disruption of the magnetic aggregation.

This study suggests that it is necessary to tune the thickness of magnetic core-silica shell particles able to hinder the aggregation process in the absence of other steric repulsions (Almusallam and Sholl, [@B1]), as the electrical double layer was only effective when large shell thicknesses were considered (Martinez-Pedrero et al., [@B42],[@B43]; Baldasarre et al., [@B6]). Future work will include the incorporation of further parameters such as van der Waals force and the redefinition of contacts and singlets to include particles that are aligned in a chain formation, but not in physical contact.
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